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We investigate lattice dynamics in LaCoO3 using inelastic neutron and x-ray scattering over
T ¼ 2 − 650 K, spanning the spin-state crossover at T1 ≈ 100 K and the insulator-metal transition at
T2 ≈ 550 K. Comparison with quasiharmonic ab initio lattice-dynamical calculations helps reveal
anomalous softening of a ≈ 10-meV oxygen phonon, confined to the temperature interval T1 ≤ T ≤ T2

and localized in momentum space at qSSO ¼ ð½;½;½Þc. This wave vector is characteristic of the spin-state-
ordering pattern originally proposed by Goodenough [An interpretation of the magnetic properties of the
perovskite-type mixed crystals La1−xSrxCoO3−λ, J. Phys. Chem. Solids 6, 287 (1958)]. Our results provide
momentum-resolved evidence for dynamic correlations of high-spin and low-spin Co3þ states charac-
terized by qSSO ¼ ð½;½;½Þc, demonstrating that phonons are sensitive probes of fluctuating spin-state
correlations in LaCoO3.

DOI: 10.1103/tsw6-sdhk

Introduction—Spin-crossover (SCO) compounds exhibit
reversible changes in electronic spin states driven by
temperature, pressure, or light. They provide a model
platform for studying coupled spin-lattice degrees of free-
dom [1–3] and are relevant to application [4,5] bistability
and large entropy changes. Because spin-state transitions
modify local bonding, phonons offer a particularly sensitive
probe of SCO materials.
Among oxide materials, LaCoO3 is a canonical example

of a thermally driven SCO system: with increasing temper-
ature, Co3þ ions evolve from a low-spin to higher-spin
configuration, producing marked anomalies in thermal
expansion [6,7], elastic moduli [8], and heat capacity

[9]. Despite extensive study [10–17], the magnetic proper-
ties of LaCoO3 and the temperature evolution of the Co3þ
spin state remain debated.
At low temperature, LaCoO3 adopts a slight rhombo-

hedral distortion from the cubic symmetry of a simple
perovskite [Fig. 1(a)] and magnetic susceptibility mea-
surements [Fig. 1(b)] [18] reveal two crossover regions: a
sharp one near T1 ≈ 100 K and a broader one near
T2 ≈ 550 K. [Throughout the Letter, we label wave
vectors with indices “c” and “rh” if they are given in
the pseudocubic or rhombohedral unit cell, respectively.
For more details, please see Supplemental Material (SM)
[19].] These have been linked to colocalized spin-state
transitions of Co3þð3d6Þ from the low-spin (LS, t2g6,
S ¼ 0) ground state to excited intermediate-spin (IS,
t2g5eg1, S ¼ 1) and high-spin (HS, t2g4eg2, S ¼ 2) states.
Goodenough initially proposed [11] that, at intermediate
temperatures (T1 ≤ T ≤ T2), where LS and HS popula-
tions are comparable, the different ionic radii of LS and
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HS states of Co3þðrLS=rHS ≈ 0.9Þ yield a spin-state order
(SSO) consisting of sets of alternating (111) planes, in one
of which the Co ions are predominantly in an HS state and
in the other in an LS state. The corresponding ordering
wave vector is qSSO ¼ ð½;½;½Þc. Although diffraction
experiments found no evidence of such order [35,36],
indirect probes suggest LS-HS coexistence in this regime
[12,14,37]. In 1995, local density approximation with
Hubbard U calculations by Korotin et al. [38] suggested
instead a substantial IS population, implying orbital order
(OO) of Co eg orbitals with an ordering vector
qOO ¼ ð½;½; 0Þc. This IS-state scenario has since been
invoked regularly to interpret experimental data
[15,39,40]. More recently, the interpretation of the spin-
state crossover has evolved beyond the original LS-HS
versus IS dichotomy. Many-body calculations emphasize
strong charge and spin fluctuations [16], while spectro-
scopic studies point to mobile IS excitons [41], short-
range spin-state correlations [17,37], and an inhomo-
geneous mixed-spin-state state with spin-state-specific
lattice relaxations [14]. Despite these advances, the spatial
character of the associated lattice correlations remains
largely unexplored.
Here, we present an investigation of lattice dynamics in

LaCoO3 across the temperature-driven SCO employ-
ing inelastic x-ray (IXS) and neutron scattering and
extending beyond previous studies [42,43]. We use the

measured phonon dispersion near the wave vectors qSSO
and qOO as a dynamic probe of the SCO transition. We also
experimentally verify the rhombohedral distortion by x-ray
and neutron diffraction, using ab initio lattice dynamics
based on density functional perturbation theory (DFPT).
Quasiharmonic calculations, incorporating the reported
temperature dependence of lattice constants [36], predict
conventional phonon softening due to thermal expansion
and, thus, help us to identify anomalous softening because
of the SCO. Our main finding is softening of an oxygen-
dominated low-energy phonon confined to qSSO ¼
ð½;½;½Þc present only for temperatures between the
spin-state and insulator-metal crossover, T1 ≤ T ≤ T2.
This highly selective anomaly identifies the characteristic
wave vector of the lattice correlations associated with the
spin-state crossover and provides momentum-resolved
evidence for a fluctuating spin-state texture in LaCoO3.
Methods—Electronic and lattice-dynamical properties

were calculated using density-functional theory and
DFPT within the mixed-basis pseudopotential framework
[44,45]. Quasiharmonic calculations, based on experimen-
tally determined lattice constants [36], were used to capture
phonon frequency shifts upon heating (see SM [19]). A
single crystal was grown by the floating-zone method,
yielding an ≈8 cm rod. One half was used for neutron
scattering, and parts from the other for magnetization and
x-ray scattering.
X-ray diffraction was carried out at BL02B1 [46]

(SPring-8, Japan), and complementary neutron diffraction
at the HEiDi diffractometer [47] (Maier-Leibnitz Zentrum,
Germany). Lattice dynamics were studied with meV-
resolution IXS at BL43LXU [49,50] (SPring-8) using
21.747 keV photons [Si(11 11 11) backscattering,
∼1.4 meV resolution] and a two-dimensional analyzer
array enabling simultaneous access to multiple momentum
transfers (see Ref. [50] for more details of the current
setup). Neutron triple-axis spectrometry was performed on
the spectrometers 1 T (Laboratoire Léon Brillouin), IN8
[51,52] (Institut Laue-Langevin), and PUMA [53] (Maier-
Leibnitz Zentrum) with fixed final energy of 14.7 meV
and pyrolytic graphite filtering. The crystal was aligned
in the ½110�c − ½001�c plane and mounted in closed-cycle
or liquid-helium cryofurnaces, enabling measurements up
to 650 K. Energy scans were performed at constant
Q ¼ τ þ q, with τ a reciprocal lattice vector and q the
phonon wave vector in the first Brillouin zone.
Results—LaCoO3 features a rhombohedrally distorted

perovskite structure (R3̄c, No. 167) for temperatures below
1600 K. [54] Several neutron and x-ray diffraction studies
reported no further structural changes on cooling
[15,35,36]. One report however suggested a monoclinic
distortion [40] (I2=a, No. 15), claiming that previous
powder diffraction experiments could have easily missed
it. Subsequent analysis of neutron powder diffraction [55]
did not confirm a monoclinic distortion and set a small

FIG. 1. (a) Pseudocubic perovskite structure of LaCoO3. The
red solid lines indicate the orientation of the low-temperature
rhombohedral unit cell used for the phonon calculations. (b) Mag-
netic susceptibility of LaCoO3. Data at T ≥ 300 K were mea-
sured on our sample. Data below room temperature are taken
from Ref. [18]. Dashed vertical lines denote the crossover
temperatures T1 and T2 (see text). The inset at the bottom
depicts the configuration of the 3d electrons of the Co3þ ion in
the low (LS), intermediate (IS), and high spin (HS) states.
(c) Calculated phonon dispersion shown for the pseudocubic
½111�c direction, which corresponds to two rhombohedral direc-
tions, i.e., ½111�rh (solid lines) and ½100�rh in multidomain samples
(dashed lines).
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upper boundary. To clarify this question, we performed
synchrotron-based state-of-the-art single crystal x-ray dif-
fraction (T ¼ 150 − 400 K), and complementary single-
crystal neutron diffraction (T ¼ 2 − 600 K). Here, we
report that all of our data can be well-described in the
rhombohedral structure (R3̄c, No. 167) (see Ref. [19] for
more details). The analysis of x-ray diffraction data
excludes a monoclinic distortion in our sample as is
corroborated by neutron diffraction revealing a normal
behavior of the oxygen thermal atomic displacement
parameters with temperature (see SM [19]).
Lattice-dynamical calculations are essential for LaCoO3,

where the rhombohedral lattice distortion generates a highly
complex phonon spectrum with up to 60 branches, e.g.,
along ½111�c which corresponds simultaneously to ½111�rh
and ½100�rh in a multidomain sample [Fig. 1(c)]. Our ab initio
approach reproduces not only dispersions but also momen-
tum- and energy-resolved phonon intensities, enabling
direct comparison with IXS spectra. At the R point,
Q ¼ ð2.5; 2.5; 2.5Þc, the measured spectrum agrees with
the calculated one-phonon contribution, provided a two-
phonon background [56,57] is included [Fig. 2(a)]. We
found that the small x-ray beam (∼50 μm) probes a single
domain, reducing the problem to one rhombohedral vector,
Q ¼ ð5; 5; 5Þrh, where only four phonons carry finite
intensity—greatly simplifying the analysis. Measurements
centered at Q ¼ ð2.5; 2.5; 2.5Þc and Q ¼ ð0.5; 3.5; 3.5Þc
[Figs. 2(b) and 2(c)] confirm this picture. The good agree-
ment between calculated and observed intensities corrobo-
rates the calculated phonon eigenvectors. For instance, the
high-energy mode near 70 meV is absent at the former and
present at the latter wave vector, in agreement with single
domain calculations. These high-energy Co-O breathing-
type modes, extensively studied in cuprates [58–61] and
manganites [62,63], show no anomalous behavior at finite
momentum transfers except for a general suppression of
spectral weight on heating (see SM [19]). Phonons at
intermediate energies of 40–45 meV, however, display an
intriguing opposite trend in their temperature dependent
energies (see SM [19]) which we will further investigate and
report on at a later time. Here, we focus on the phonon near
10 meV visible at Q ¼ ð0.5; 3.5; 3.5Þc [Fig. 2(c)], which
shows anomalous softening and broadening at elevated
temperatures as shown below. While the initial softening
can be followed by x-ray spectroscopy [see Fig. S3], an
increasing background and low phonon intensities do not
allow a detailed analysis at high temperatures. Low x-ray
scattering intensities of the 10-meV mode originate in its
displacement pattern, or eigenvector, which is dominated by
oxygen motions (see below). In the following, we inves-
tigated this phonon by inelastic neutron scattering because of
the mass dependence of x-ray scattering intensities. At Q ¼
ð1.5; 1.5; 1.5Þc and ð1.5; 1.5; 2.5Þc [Figs. 3(a) and 3(b)], the
10-meV mode [64] exhibits strong softening with increasing
temperature and linewidth broadening near T1, while no

anomaly is found for the low-energy phonon branch
dispersing at Q ¼ ð1.6; 1.6; 1.6Þc [Fig. 3(c)] or in higher-
energy modes at the R point [Fig. 3(b)]. Similarly, the
lowest-energy modes at the M point, Q ¼ ð1.5; 2.5; 0Þc,
show no particularly strong softening or broadening
[Fig. 3(d)]. The strong softening and broadening are con-
firmed by subsequent measurements (see SM [19]).

FIG. 2. (a) Inelastic x-ray scattering data taken at T ¼ 100 K
and Q ¼ ð2.5; 2.5; 2.5Þc½≡ð5; 5; 5Þrh�. The fit (red, solid line)
consists of damped harmonic oscillator peaks for one-phonon
excitations (convoluted with the experimental resolution) on top
of a two-phonon background (purple, short-dashed) estimated
from our DFPT calculations and the code presented in [57].
Calculated one-phonon intensities are shown as green dash-dotted
line (includes a constant background of 10−8 for visibility) and
represent single-domain spectra for the above given rhombohedral
wave vectorQ ¼ ð5; 5; 5Þrh (see text for more details). We note the
relative intensity of the one- and two-phonon calculations is not
free, so the agreement is excellent. (b),(c) Color-coded calculated
intensities (log. scale: red, high; blue, low) for wave vectors
probed by the horizontal row of seven IXS analyzers and
detectors when the main analyzer or detector is set to
(b) Q ¼ ð2.5; 2.5; 2.5Þc and (c) ð0.5; 3.5; 3.5Þc (see Ref. [50]
for more details of the setup). Symbols denote observed phonon
energies. The box in (b) marks the position for which data are
shown in panel (a). Calculations presented in this figure used
energies scaled by a factor of 1.03 providing the best average
agreement with the experimental results (see text).
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Quasiharmonic calculations, which reproduce most phonon
energies, fail to capture this effect [Figs. 4(a) and 4(b)]:
the 10-meV mode at the R point softens well below
the quasiharmonic prediction between T1 ≈ 100 K and
T2 ≈ 550 K, before converging with theory at higher tem-
peratures (red symbols). This anomalous renormalization is
absent for the phonon measured at Q ¼ ð1.6; 1.6; 1.6Þc

[solid black symbols in Fig. 4(a)], in the higher-energy
mode at theR point [open black symbols in Fig. 4(b)] as well
as at theM point [solid blue symbols in Fig. 4(b)] [65]. The
observed temperatures dependences for these modes agree
well with the corresponding quasiharmonic predictions (see
color-coded solid and dashed lines in corresponding figures).
Taken together with the absence of additional anomalous
softening in our IXS data, we argue that anomalous soft-
ening is restricted to the oxygen phonon at the cubic R point
in LaCoO3. We further observe that the experimentally
observed linewidths of the 10-meV modes at the R [red
symbols in Fig. 4(c)] and M points [blue symbols in
Fig. 4(c)] are very similar at low temperatures but the R
point mode acquires an additional broadening just below the
crossover temperature T1 not observed for the M
point mode.
The temperature dependence of the anomalous phonon

softening closely parallels that of the reported paramagnetic
scattering intensity measured by polarized neutron scatter-
ing [66] (Fig. 5). While the latter probes magnetic corre-
lations and the former reflects the phonon self-energy, the
similarity of their temperature dependences suggests a
common origin in the spin-state crossover. Although the
present measurements do not establish a quantitative
microscopic relation, the confinement of the anomaly to
qSSO ¼ ð½;½;½Þc together with its temperature evolution
strongly suggests that spin-state fluctuations contribute to
the observed phonon renormalization.
Discussion—Our results agree with previous phonon

investigations as far as similar regions of momentum
and energy space as well as temperature were probed.
However, most Raman studies did not go beyond room
temperature [1,67], similar to a neutron scattering study
that was limited to 200 K [42]. IXS studies [43,68] exclude
the (rhombohedral) zone center and, thereby, the

FIG. 3. Inelastic neutron scattering data at two R points,
(a) Q ¼ ð1.5; 1.5; 1.5Þc and (b) Q ¼ ð1.5; 1.5; 2.5Þc, (c) slightly
off the R point at Q ¼ ð1.6; 1.6; 1.6Þc, and (d) the M point at
Q ¼ ð1.5; 2.5; 0Þc for temperatures T ¼ 2 K (black symbols) and
200 K (red symbols). A linear background has been subtracted.
Lines denote Gaussian fits. The inset in panel (a) shows the
calculated displacement pattern of the 10-meV mode at the R
point. Note that the scattering intensities near 10 meV measured
at Q ¼ ð1.5; 1.5; 1.5Þc and Q ¼ ð1.5; 1.5; 2.5Þc represent the
same phonon mode.

FIG. 4. (a),(b) Temperature dependent energies, normalized at T ¼ 2 K, of phonon peaks (symbols) observed at
(a) Q ¼ ð1.5; 1.5; 2.5Þc (red symbols), Q ¼ ð1.6; 1.6; 1.6Þc (black symbols), and (b) Q ¼ ð1.5; 1.5; 2.5Þc (red and black symbols),
Q ¼ ð1.5; 2.5; 0Þc (blue symbols). Color-coded red, black, and blue lines in (a) and (b) are predictions for the expected phonon softening
due to thermal expansion from quasiharmonic calculations (see text). (c) Experimentally observed linewidths of the lowest-energy
phonon modes at Q ¼ ð1.5; 1.5; 2.5Þc (red dots), Q ¼ ð1.5; 1.5; 2.5Þc (red circles), and Q ¼ ð1.5; 2.5; 0Þc (blue dots). Color-coded lines
in (c) are guides to the eye.
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pseudocubic R point. In fact, the 10-meV mode at the M
point was investigated by IXS [68] and was found to feature
no anomalous behavior, in agreement with our findings
[Figs. 3(d), 4(b), and4(c)]. Apart from these limitations, all
previous studies lacked detailed lattice-dynamical calcu-
lations. In particular, quasiharmonic modelling is an
indispensable tool [69]. Since we used experimentally
observed lattice constants, our quasiharmonic predictions
for the softening include the anomalous change of the unit-
cell volume of up to 2% at T ¼ 700 K [36,66] and our
results may, thus, even underestimate the anomalous soft-
ening, ΔE ¼ EDFPT − Eexp, by a few percent [Fig. 5].
Because the SCO alters Co-O bonding and octahedral

stiffness, a comparison of our results with spin-state models
in LaCoO3 is revealing. The LS-HS scenario originally
proposed by Goodenough [11,35,70] predicts a spin-state
order consisting of alternating (111) planes enriched in HS
and LS Co3þ ions. The different ionic radii of Co3+ in the
HS and LS states increase and decrease, respectively, the
size of the CoO6 octahedron, yielding structural correla-
tions characterized by qSSO ¼ ð½;½;½Þc, consistent with
the observed phonon renormalization at the R point. Such
correlated lattice fluctuations are expected to be strongest
between T1 and T2, in agreement with the observed
temperature dependence. Moreover, calculations identify
the 10-meV mode as a predominantly oxygen vibration
involving tilted rotations of the CoO6 octahedra (inset,
Fig. 5), rationalizing its strong sensitivity to spin-state-
dependent lattice distortions.
Recent spectroscopic work has refined the microscopic

description of the spin-state crossover in LaCoO3. In

particular, Takegami et al. [14] concluded from bulk-
sensitive electron spectroscopy that paramagnetic
LaCoO3 is a highly inhomogeneous mixed-spin-state
system consisting of coexisting LS and HS Co3þ sites
with spin-state-specific local lattice relaxations. While
Ref. [14] established the existence of local spin-state-
dependent lattice distortions, the present phonon measure-
ments provide complementary momentum-space informa-
tion. The pronounced renormalization of the 10-meV
phonon indicates that the associated lattice distortions
possess enhanced correlations at qSSO ¼ ð½;½;½Þc rather
than being spatially random.
The comparison with the magnetic scattering intensity in

Fig. 5 should be viewed as phenomenological rather than as
a direct microscopic relation. Nevertheless, the observed
anomaly exhibits the characteristic signatures of fluc-
tuation-driven phonon renormalization known from
manganites [63,71–73] and charge-density-wave materials
[74–76]. In such systems the strongest anomalies occur for
phonons whose eigenvectors resemble the fluctuating
lattice distortion and at wave vectors corresponding to
the dominant correlation vector. In LaCoO3, the anomalous
mode is dominated by oxygen displacements of the CoO6

octahedra and renormalizes only near qSSO ¼ ð½;½;½Þc,
suggesting dynamic lattice distortions associated with spin-
state correlations characterized by the same wave vector.
The original IS scenario proposed by Korotin et al. [38]

invoked orbital order of Co eg orbitals with ordering vector
qOO ¼ ð½;½; 0Þc. The corresponding lattice distortions are
expected to produce correlations at the M point and could
be accommodated within a monoclinic structure [40].
However, x-ray diffraction confirms that LaCoO3 remains
rhombohedral and we find no phonon anomalies of the 10-
meV mode at qOO ¼ ð½;½; 0Þc (see Figs. 3, 4, and SM),
consistent with previous IXS measurements [68]. More
recently, Hariki et al. [41] proposed an alternative descrip-
tion in terms of mobile IS excitons coupled to HS
excitations. Our phonon measurements do not directly
distinguish between local HS states, mobile IS excitons,
or interacting mixtures thereof. Instead, they probe the
lattice response associated with the spin-state manifold.
The observation that the anomalous renormalization is
confined to qSSO ¼ ð½;½;½Þc and absent at qOO ¼
ð½;½; 0Þc demonstrates that the dominant lattice correla-
tions possess the symmetry of the Goodenough spin-state-
order pattern. Any microscopic description of the spin-state
crossover, including excitonic approaches, must therefore
account for this highly selective momentum dependence.
Whereas we cannot generally rule out additional phonon

anomalies, our extensive measurements over a wide range
of wave vectors with x-ray and neutron spectroscopy
identify only the anomaly at the cubic R point. The pre-
sent results therefore indicate that the dominant lattice
correlations are associated with fluctuations possessing the
symmetry of the Goodenough spin-state-order pattern

FIG. 5. Temperature dependence of the absolute anomalous
softening, ΔE ¼ EDFPT − Eexp, of the 10-meV phonon mode
observed at the R point, i.e., Q ¼ ð1.5; 1.5; 1.5Þc (red-open
symbols; left-hand scale) and ð1.5; 1.5; 2.5Þc (red-filled symbols;
left-hand scale), in comparison to that of the reported para-
magnetic scattering intensity (black symbols; right-hand scale)
reported by Asai et al. [66].
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rather than those expected for a static IS orbital-order state,
in line with several recent reports [14,16,17]. Individual
phonon eigenvectors can provide enhanced sensitivity and
promote highly selective renormalization effects, thereby
offering a powerful route for investigating fluctuating order
in correlated materials.
Summary—In summary, we establish an anomaly in an

oxygen-dominated low-energy phonon in LaCoO3 that is
confined to the R point and present only between the spin-
state and insulator-metal crossovers. The highly selective
renormalization of this mode reveals dynamic lattice
correlations characterized by qSSO ¼ ð½;½;½Þc and pro-
vides momentum-resolved evidence for the spatial organi-
zation of the spin-state manifold in LaCoO3 consistent with
a fluctuating LS-HS spin-state-order pattern of the type
originally proposed by Goodenough [11,35,70]. More
broadly, our results demonstrate that phonons can serve
as sensitive probes of fluctuating order even when the
associated correlations remain dynamic and below the
detection limit of diffraction.
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